propeller of WSB-1 recognizes an 18-amino-acid loop in D2 that confers metabolic instability, whereas the SOCS-box domain mediates its interaction with a ubiquitinating catalytic core complex, modelled as Elongin BC-Cul5-Rbx1 (ECS WSB-1 ). In the developing tibial growth plate, Hedgehog-stimulated D2 ubiquitination via ECS WSB-1 induces parathyroid hormone-related peptide (PTHrP), thereby regulating chondrocyte differentiation. Thus, ECS WSB-1 mediates a mechanism by which 'systemic' thyroid hormone can effect local control of the HedgehogPTHrP negative feedback loop and thus skeletogenesis.
In all vertebrates, thyroid hormone can be activated or inactivated by iodothyronine deiodinases. D2 generates the thyroid hormone T3 from the prohormone T4 in the perinuclear space, increasing the supply of T3 to the cell nucleus. Targeted disruption of the Dio2 gene in mice impairs cochlear development, pituitary thyroid-stimulating hormone (TSH) feedback, and adaptive thermogenesis, whereas myocardial overexpression of D2 causes chronic cardiac-specific thyrotoxicosis 1 . Regulation of D2 activity is achieved primarily by ubiquitination. For endoplasmic reticulum (ER)-resident proteins such as D2 (ref. 1) , this regulatory mechanism is referred to as ER-associated degradation (ERAD) 2, 3 . Ubiquitination inactivates D2 and targets the protein for degradation in the proteasomes, a process that is accelerated during deiodination of T4 (refs 4, 5) . As a consequence, the half-life of D2 can vary from 12 to 300 min depending on the rate of T4 deiodination. Remarkably, inactive ubiquitinated D2 can be reactivated by the . This dynamic, reversible mechanism integrates developmental, environmental and homeostatic signals to control thyroid hormone action.
To characterize the D2 ubiquitinating complex, we performed a yeast two-hybrid screen of a human brain library with D2 (ref. 6 ). WSB-1 (ref. 7) (BC021110.1; also known as SWiP-1 (ref. 8) ) was identified as a D2-interacting protein (Fig. 1a) . The physical interaction between WSB-1 and D2 was confirmed in vitro, because bacterially expressed glutathione S-transferase (GST)-D2 interacted with mouse 35 S-WSB-1 in GST pull-down assays, whereas the non-ubiquitinated deiodinases D1 and D3 did not (Fig. 1b) . Functional studies in HEK-293 cells, which endogenously express WSB-1 but not D2, revealed that WSB-1 was predominantly present in the microsomal pellet and colocalized with transiently expressed D2 in the perinuclear region (Fig. 1c) . D2-WSB-1 interaction was confirmed by coprecipitation in sonicates of cells transiently expressing both proteins (Fig. 1d) .
The structure-function relationship of the D2-WSB-1 interaction was then examined by using hydrophobic cluster analysis to analyse the WSB-1 sequence 9 . A five-amino-acid sequence in WSB-1 links the SOCS-box motif to a propeller-like structure formed by seven WD-40 repeats (Fig. 1a) . Two large insertions in the second repeat were previously assigned as pieces of an eighth repeat 7 , but actually do not possess features characteristic of the more conserved WD-40 inner β-strands A, B, C (Fig. 1a) . These insertions might constitute additional strands in the propeller blades, as observed in other WD-40 propeller proteins 10 . Screening of the Protein Data Bank (PDB) for WSB-1-related structures identified β-TrCP1, one of the interchangeable F-box proteins of the Skp1-Rbx1-Cdc53 (SCF β-TrCP1 ) E3 ubiquitin ligase essential for the NF-κB, Wnt/Wingless, and Hedgehog signalling pathways 11 . In β-TrCP1, a seven-bladed WD-40 propeller is linked to an F-box motif. The structural relationship with WSB-1 is preserved because SOCS-box proteins are both structurally and functionally related to F-box proteins 12, 13 . In both β-TrCP1 and Cdc4, a related WD-40 propeller/F-box protein, the F-box motif allows for interaction with the Skp1 component of the SCF constant catalytic core. These observations indicate that WSB-1 contains the structural hallmarks of a D2-specific E3 ubiquitin ligase, with the WD-40 propeller mediating substrate recognition and the SOCS box mediating the interaction with other components of the catalytic core complex.
To test this hypothesis, we first sought to demonstrate that D2 ubiquitination in vitro requires WSB-1. In these studies we also used M1, a mutant WSB-1 with a disruption in the BC box that prevents binding to the catalytic core complex 14 but does not affect binding to D2 ( Fig. 1d and see Supplementary Information, Fig. S1 ). Bacterially expressed WSB-1 was incubated with in vitro translated catalytically active 35 S-labelled D2 in a cell lysate prepared to support ubiquitination 15 . Immunoprecipitation with D2 antiserum revealed higher molecular weight 35 S-D2 bands in a typical ladder pattern only when ubiquitin and WSB-1, but not M1, were present in the reaction mixture ( Fig. 1e and see Supplementary Information, Fig. S2 ). D2 ubiquitination was confirmed using GST-ubiquitin (Fig. 1f) .
The hypothesis that WSB-1 is a component of an E3 ubiquitin ligase complex that specifically recognises D2 is supported by functional
GST pull-down . Positions of the four strands are indicated, with hydrophobic amino acids coloured green. Large insertions are symbolized with stars, with the corresponding amino-acid sequences indicated below. Arrows indicate the three amino acids located in position A+2 within strand A. Included on the far right is a ribbon representation of the WSB-1 propeller model conceived on the basis of the alignment. (b) Crude bacterial lysates containing GST-D2, GST-D1, GST-D3 or GST-GUS (Arabidopsis thaliana β-glucouronidase) were incubated with 35 S-labelled in vitro translated WSB-1. After precipitation by glutathione-Sepharose, co-precipitated proteins were resolved by SDS-PAGE. Ten per cent of the 35 S-WSB-1 input was loaded in the far right lane. GSTfusion proteins were measured by western blot and normalized for each reaction (see Supplementary Information, Fig. S3 ). (c) Cytosolic (C) and microsomal (M) fractions of HEK-293 cells transiently expressing GST-WSB-1 were resolved by SDS-PAGE and analysed by western blot using GST antibody. The positive control (T) was total cell lysate and negative controls were obtained from cells transfected with D10 plasmid DNA. Below is an immunofluorescence confocal microscopy of HEK-293 cells transiently coexpressing Flag-D2 and GFP-WSB-1, using anti-Flag (left; red) and anti-GFP (middle; green) antibodies, respectively. The superimposition image of the same field is shown in the right-hand panel. The inset is the distribution spectrum of the image pixels. Scale bar, 15 µm. (d) GST pull-down of HEK-293 cells transiently expressing Flag-D2, GST-WSB-1 and/or GST-M1. Pellets were resolved by SDS-PAGE and analysed by western blot with antiFlag antibody. (e) 35 S-labelled D2 was used in the in vitro ubiquitination assay in a reticulocyte lysate system containing 10 µM ubiquitin aldehyde, energy solution and 30 µM ubiquitin. Bacterially expressed WSB-1 or M1 proteins were added as indicated after normalization by Coomassie-blue-stained SDS-PAGE. Ubiquitinated D2 was immunoprecipitated using D2 antiserum (immunoprecipitation anti-D2), and the pellets were resolved by SDS-PAGE. The black arrows indicate the ubiquitin- studies in which RNAi-mediated knockdown of WSB-1 (Fig. 2a-c) caused a fivefold increase in the steady-state D2 level (Fig. 2d) . This increase in D2 resulted from a two-to threefold prolongation of its half-life (Fig. 2e,  f) and was reversed in a dose-dependent fashion by co-transfection with WSB-1, but not M1, encoding plasmid DNA (Fig. 2g) . To explore whether alternate E3 ligases for D2 exist, the effect of WSB-1 knockdown was also assessed after treatment with the proteasome inhibitor MG132 or reverse T3 (rT3), a D2 substrate that, like T4, accelerates the rate of D2 ubiquitination. During WSB-1 knockdown, MG132 treatment did not result in additional increases in D2 (Fig. 2h) , nor did exposure to rT3 decrease D2 (Fig. 2h) . Furthermore, the expected increase in D2 seen during VDU-1 overexpression was abrogated during WSB-1 knockdown (Fig. 2h ). These results demonstrate that WSB-1 is the primary E3 ubiquitin ligase for D2.
The BC box motif found in SOCS-box proteins allows binding with the Elongin BC protein complex, which in turn assembles with the E2-activating Cul5/Rbx1 module to reconstitute potential ubiquitin ligases in vitro 14, 16 . We confirmed that endogenous Elongin B, Elongin C, Cul5 and Rbx1 are present in the D2 E3 complex, because these proteins co-immunoprecipitated with D2 only when Flag-D2 was co-expressed with functional WSB-1 protein, and not M1 (Fig. 3a, b) . The resulting model for the Elongin BC, Cullin, SOCS-box protein (ECS WSB-1 ) E3 complex was derived by assembling WSB-1 with these subunits based on known structures: Cul1-Rbx1-Skp1-F-box (Skp2) 17 , Ubc1-ubiquitin 18 , Elongin BC-VHL complex 19 and TrcP1-β-catenin-Skp1 (Fig. 3c) 
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. Ubc7 was integrated into the ECS WSB-1 ( Fig. 3c) (ref. 24) , an integral ER membrane protein that also supports D2 ubiquitination 25, 26 , could explain the recruitment of the ECS WSB-1 complex to the ER. Finally, ubiquitin was docked on Ubc7 according to the structure of Ubc1-ubiquitin (PDB 1FXT; ref. 18) .
To orient D2 relative to the ECS WSB-1 complex, we sought to identify potential WSB-1 recognition sequences in D2. We compared three-dimensional models of D2 and the non-ubiquitinated D1 and D3 enzymes, finding that D2 has a unique 18-amino-acid sequence with the typical characteristics of a large loop (Fig. 4a, b ) 27 . A deletion mutant lacking this loop (∆18D2) was still present in the ER (Fig. 4c) and retained D2 activity with a normal substrate affinity (Km-T4; ~5 nM), but showed a lower turnover rate (Fig. 4d-f ). This ∆18D2 deletion mutant was found to have a 2.8-fold longer half-life (Fig. 4d) as well as being insensitive to MG132 (Fig. 4e ) and rT3-induced loss of protein and activity (Fig. 4e) . ∆18D2 was not affected by WSB-1 knockdown (Fig. 4f) , a finding explained by the inability of ∆18D2 to bind with WSB-1 (Fig. 4g) . These data indicate that the 18-amino-acid loop is critical for D2 recognition by WSB-1. D2 was integrated in the model by orienting the 18-amino-acid loop proximal to the WSB-1 propeller D-A/B-C side (Fig. 3c) . The top face (D-A/B-C side) of the propeller has a clear line of sight to the E2 ubiquitin conjugase, suggesting that D2 is held between these two enzymes. In this model, a physical gap between Ubc7 and D2 exists, prompting us to integrate D2 in its dimeric form 28 . This is supported by the known Ubc7 binding interaction with the IDUA-αB-βE-α2-β3 domain in D2 (Fig. 4a ) 25 . Thus, positioning a second D2 monomer in the putative dimer formation not only fills the existent gap but places the αB-βE D2 motif in condition of mediating the D2-Ubc7 interaction (Fig. 3c) .
In other E3 ubiquitin ligases with WD-40 propeller proteins, substrate recognition is dependent on 'super sites' for protein-protein interaction, the most common being the second positions of each blade (the A+2 positions of the inner strand A), which are frequently occupied by arginine residues that interact with phosphate groups in the substrate 10, 20 . Arginine occupies two A+2 sites in WSB-1, that is, Arg 174 (third WD-40 repeat) and Arg 315 (seventh WD-40 repeat). Mutation of these sites (M3 R174A and M4 R315A ) abrogated interaction with D2 (see Supplementary Information, Fig. S1 ). A third A+2 position in WSB-1 occupied by tyrosine (Tyr 218) was also found to be critical for D2 binding via mutation to alanine (Y218A) (see Supplementary Information,  Fig. S1 ). These data confirm that the WSB-1 WD-40 propeller super sites are critical for D2 recognition.
WSB-1 expression is induced by Sonic hedgehog (Shh) in developing limb buds and other embryonic structures 8 . To test the hypothesis that Hedgehog regulation of the ECS WSB-1 -D2-dependent control of thyroid hormone activation is physiologically relevant in this setting, we used an HEK-293 cell-based transient D2 expression system. Exposure to Shh for 24 h induced a loss (~50%) of D2 (Fig. 5a ) that was preceded by a transient ~fivefold increase in WSB-1 mRNA (Fig. 5b) , whereas D2 mRNA levels remained unchanged (data not shown). This effect was blocked by the Hedgehog-specific antagonist cyclopamine (Fig. 5a) , and notably, Shh failed to downregulate D2 during WSB-1 knockdown (Fig. 5a ).
In the developing tibial growth plate, Indian hedgehog (Ihh) is produced by chondrocytes leaving the proliferative pool, inducing the secretion of PTHrP from perichondrial cells and chondrocytes near the ends of the skeletal elements, which acts to maintain chondrocyte proliferation such that hypertrophic differentiation is limited to the cells furthest ubiquitinating complex, Elongin C (PDB 1LM8; ref. 14) was docked on the N-terminal part of Skp1 within the structure of the Cul1-Rbx1-Skp1-F-box (Skp2) complex (PDB 1LDK; ref. 13 ) and a model of Cul5, which shares 30% sequence identity with Cul1, was used. The Cul5-Rbx1-Elongin C-Elongin B-VHL complex was reconstructed using the VHLα domain as template for the SOCS-box motif of WSB-1, because such motifs bind Elongin C 12, 13 . Despite a similar fold for the F-box of Skp2 and the α-domain of VHL, the binding mode with Skp1/Elongin C is different 20 . Only the first three helices of the α-domain (three-helix cluster) constitute the common core between F-box, VHL α-domain and SOCS-box 27 .The TrcP1-β-catenin-Skp1 complex (PDB 1P22; ref. 20) was used as template after superimposition of Skp1 on the Skp1/Elongin C structure of the complex described above. The model of the WSB-1 propeller was superimposed on the structure of the TrcP1 propeller and adjusted manually to join the C terminus of the propeller to the N-terminal end of the SOCS-box through a predicted five-amino-acid loop in WSB1. In contrast to TrcP1, WSB-1 does not have a long linker, so that the propeller is near to the SOCS-box motif. The N-terminal part of WSB-1, which cannot be modelled at this stage, should correspond to a helical extension, located on the Elongin C side of the propeller. Data on the structure of Cue1p are not available and its interaction with Ubc7 is indicated with a dotted line and an arrow. D2 is represented as a dimer 28 with the T4 near the active centre (white). The 18-amino-acid loop of the right D2 subunit, which cannot be modelled at this stage and for which only the start and end positions are indicated in yellow, is oriented towards WSB-1, in which the three critical amino acids (Arg 174, Arg 315 and Tyr 218) are shown as red spheres 25 . from where PTHrP is produced 29 . Ihh has similar biological properties and stimulates the same target genes as Shh 30 such that activation of the Hedgehog pathway by either Ihh or Shh would be expected to induce WSB-1-mediated D2 ubiquitination. The applicability of this system for our studies was confirmed by the finding of both D2 and WSB-1 expression in the perichondrial/periosteal (PC/PO) sheaths surrounding the developing chondrocytes, with much lower levels of D2 in the chondrocytes themselves (Fig. 5c-g ). Fig. 3c (right subunit). D2 has a single N-terminal trans-membrane segment and several clusters, typical of α-helices or β-strands, corresponding to core secondary structures of the deiodinase globular domain. A striking feature is the presence of the thioredoxin (TRX) fold, defined by the βαβ and ββα motifs. Within the canonical TRX fold, the relationship between the βαβ and ββα motifs is locally interrupted by interfering elements, one of which is highly conserved and shares striking similarities with the lysosomal enzyme α-L-iduronidase (IDUA). The active centre, which contains the amino acid selenocysteine, is a pocket defined by the β1-α1-β2 motifs of the TRX-fold and the IDUA- Exposure of 12-day-old chicken tibial explants 30 to Shh led to a striking induction of WSB-1 gene expression detected via in situ hybridization, particularly in cells contained in the inner layer of the PC/PO (Fig. 5c ). In addition, the tibiae were manually dissected into three regions after exposure to Shh: the non-articular perichondrium and periostium (PC/ PO); the prehypertrophic chondrocytes, proliferating chondrocytes and periarticular perichondrium (which cannot be cleanly removed from the articular cartilage) collectively referred to here as the epiphysis; and the hypertrophic chondrocytes. Treatment with Shh led to the expected high level induction of PTHrP, specifically in the epiphysis fraction containing the periarticular perichondrial cells (Fig. 5d) .
Hedgehog signalling is necessary and sufficient for high-level PTHrP expression in the periarticular perichondrium 30, 31 . This induction is believed to be indirect, mediated by changes in expression of an as of yet unidentified secondary signal downstream of Ihh in the perichondrium 30 . Strikingly, we observed a greater than 50% decrease in D2 activity in the PC/PO fraction following Shh treatment, whereas D2 activity was much lower in the hypertrophic chondrocytes and epiphysis cells with no significant modulation by Shh. The decrease in D2 activity in the PC/PO cells correlated with a concomitant threefold increase in WSB-1 mRNA levels (Fig. 5d) . WSB-1 mRNA was also increased approximately threefold in the epiphysis tissue which, as noted above, does not exhibit significant D2 activity. This result is consistent with the fact that the proliferating chondrocytes are also targets of Ihh 31 , but unlike the perichondrium do not participate in the PTHrP feedback loop 32 . The physiological consequence of a decrease in D2 activity in the growth plate would be the generation of local hypothyroidism, as seen in other D2-expressing tissues 1 . To test this, we took advantage of the fact that Dio2 expression is negatively regulated by thyroid hormone 1 but not by Shh signalling (data not shown). D2 mRNA was increased twofold in the Shh-treated PC/PO cells (Fig. 5d) , as would be expected if the cells were relatively hypothyroid. In hypertrophic chondrocytes and epiphysis cells, where basal D2 activity is low, D2 mRNA levels were not affected by Shh treatment (Fig. 5d) . These findings are consistent with previous observations that hypertrophic chondrocyte differentiation is impaired and that PTHrP mRNA levels are increased in the growth plate of young rats with systemic hypothyroidism 33 , a strikingly similar phenotype to that seen with Ihh misexpression 30 . In addition, thyroid hormone inhibits chondrocyte clonal expansion and proliferation while simultaneously promoting hypertrophic chondrocyte differentiation 34 . To verify that the Hedgehog-induced decrease in D2 activity reflects a physiological mechanism, we measured D2 activity following Ihh misexpression in 8-day-old chick embryos in ovo. Four days after infecting limbs with a replication-competent retroviral vector carrying Ihh, more than 80% of D2 activity had been lost in the PC/PO sheath (Fig. 5e) . As with the tibia explants, Ihh misexpression resulted in a significant increase of D2 mRNA (Fig. 5e) . Taken together, these results are consistent with a model in which Ihh acts on the perichondrium to induce WSB-1-expression, thereby decreasing D2 activity and thus thyroid hormone signalling, finally causing upregulation of PTHrP expression in the periarticular perichondrium. To verify these epistatic relationships, we utilized rT3, an inactive metabolite of thyroid hormone that accelerates ECS WSB-1 -mediated D2 ubiquitination (Fig. 2h ) but does not bind the thyroid hormone receptor. After 24-72 h of incubation with rT3, we observed a 50-80% decrease in D2 activity in PC/PO sheaths (Fig. 5f ). Remarkably, a 2.5-to 5.5-fold induction of PTHrP mRNA levels was observed in epiphysis cells (Fig. 5f) , and the magnitude of this induction was similar to that seen in Shh-treated tibia explants (Fig. 5d) . Neither Ihh nor its downstream target Ptch1 was induced by rT3 treatment (Fig. 5f) . The ability to induce PTHrP expression independently of Hedgehog signalling in this manner strongly suggests that the decrease in D2 activity downstream of Ihh is normally responsible for PTHrP induction. Treatment of chicken tibia explants with cyclopamine led to a decrease in PTHrP expression due to its ability to block endogenous Ihh activity (Fig. 5g) . Strikingly, PTHrP mRNA induction by rT3 was not sensitive to cyclopamine (Fig. 5g) , confirming that D2 acts downstream of Ihh in this pathway. Whether the induction of PTHrP is a direct response to hypothyroidism or results from T3-induced changes in other signalling elements remains to be clarified.
METHODS

Reagents.
Unless otherwise specified, all reagents were obtained from Sigma (St Louis, MO) or Calbiochem (La Jolla, CA). Mouse monoclonal Flag antibody (M2) and mouse monoclonal anti-tubulin (DM1A) antibody were from Sigma. Mouse monoclonal antibody to Elongin C was from Transduction Laboratories (Greenland, NH). Goat polyclonal antibodies to Cul5 (His 300), to Rbx2 (Asn 15) and to Elongin B (Ala 19) were from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit polyclonal antibody to Rbx1 was from Neomakers (Fremont, CA).
Constructs. The C-terminal Flag-D2 and C-terminal Flag-CysD2 (Sec133C, Sec266C), GST-D1 and GST-D3 plasmids have been described 5 . A 1,266-nucleotide PCR product, corresponding to the mouse WSB-1 cDNA coding region, was subcloned into pDEST27 plasmid (Invitrogen, Gaithersburg, MD); to generate the WSB -1 mutant constructs M1  L387P M1   C391F   , M2   Y218A   , M3  R174A and M4   R315A , we used recombinant PCR with two sets of oligonucleotides, and the final PCR products were reinserted into pDEST15 plasmids (Invitrogen). The truncated ∆42D2 construct, lacking the 42 N-terminal amino acids in the coding region of human CysD2 (1-42), was obtained by PCR, and the resulting fragment was subcloned into the pCI vector (Promega, Madison, WI). The ∆18D2 was constructed by engineering a 18-amino-acid (92-109) deleted D2 fragment by Vent PCR, inserting it between the XcmI sites of the wild-type human D2, followed by overlap-extension PCR to mutate the selenocysteine 133 and 266 to cysteine. The human SHH cDNA was subcloned into the D10 plasmid.
Transfections and D2 activity assay. HEK-293 cells were transfected by the CaPO 4 method or by using LipofectAMINE Plus reagents (Invitrogen). Transiently expressed D2 has previously been shown to retain the ubiquitination properties of endogenously expressed D2 (refs 4, 5) . Unless specified, cells were collected 48 h later. For activity halflife studies, the above protocol was modified by treatment either with vehicle (dimethylsulphoxide) or with 100 µM CX for 0-90 min before harvesting. For substrate-induced degradation studies, the above protocol was modified by treatment either with vehicle (40 mM NaOH) or with 30 nM rT3 for 1 h before harvesting. Wherever D2 activity was measured, cells were transfected with 0.1 µg Flag-D2 plasmid; for the western blot analysis, cells were transfected with 1 µg Flag-CysD2 plasmid. In all experiments hGH (TKGH) was used as a control for the transfection efficiency, as described previously 5 . D2 activity was measured as described previously 5 .
35
S pulse-chase and immunoprecipitation studies. 35 S incorporation was performed as previously described 6, 28 . Immunoprecipitation with Flag antibody was performed as previously described 5 . An in vitro coupled transcription/translation system (Promega) and Easytag express protein labelling mix, [ 35 S] (Perkin Elmer, Norwalk, CT) were used to generate radioactive recombinant proteins. Ten microlitres of the indicated in vitro translated WSB-1, M1, M2, M3 or M4 was added to the GST-D2, GST-D1, GST-D3 or GST-GUS (Arabidopsis thaliana β-glucoronidase) previously bound to GST resin, and the GST pull-down was performed as previously described 25 . Pellets were resolved in a 10% SDS-PAGE gel, dried and exposed to autoradiography for 35 S-labelled band detection. For the in vivo co-immunoprecipitation experiments, HEK-293 cells were transiently transfected with GST-WSB-1 (5 µg), GST-M1 (5 µg), Flag-CysD2 (5 µg) or D10 (to normalize for DNA transfection amounts). After 48 h cells were harvested and the pellets were resuspended in lysis buffer containing 1 × PBS, 5 mM EDTA, 0.5% Triton X-100 (Sigma), type I protease inhibitors cocktail (Calbiochem) and 1 mM PMSF for immunoprecipitation. Cell lysates with each transfection combination were incubated with glutathione-Sepharose 4B (Amersham, Uppsala, Sweden), and immunoprecipitation pellets were washed five times with lysis buffer, resuspended in sample loading buffer, boiled for 5 min, resolved in a 10% SDS-PAGE, and used for western blot analysis for Flag-D2 detection with Flag-M2 monoclonal antibody (Sigma) at dilution 1:4,000 (ref. 5), using the BM chemiluminescence western blotting kit (Roche) according to the manufacturer's instructions.
In vitro D2 ubiquitination assay. For optimal translation efficiency and to avoid nonspecific ubiquitination via the unfolded protein response, a catalytically active D2 (∆42D2) truncated in the short N-terminal transmembrane domain was in vitro translated in a reticulocyte lysate system in the presence of l- 35 S-methionine/cysteine. After 90 min incubation at 30 °C, addition of 1 mM unlabelled methionine/cysteine mixture terminated the reaction. Ubiquitination reactions were performed in a total volume of 30 µl containing 5 µl of GST-fusion protein from bacterial cultures in the assay buffer containing 10 µM ubiquitin aldehyde (Boston Biochem, Boston, MA), 1 × energy regeneration solution (Boston Biochem), 30 µM ubiquitin (Boston Biochem), or in some experiments 30 µM GST-ubiquitin and the in vitro translated 35 S-∆42D2. The reaction mixture was incubated at 37 °C for 1 h. Ub-D2 was then immunoprecipitated with D2 antiserum (immunoprecipitation anti-D2), and the pellets were resolved by SDS-PAGE. When GST-ubiquitin was used, the samples were processed by GST pull-down (immunoprecipitation anti-GST). Samples were boiled for 5 min and analysed by SDS-PAGE. Western blot analysis was performed to normalize the expression levels of the GST-fusion proteins used in the assays.
WSB-1 RNAi.
To knock down WSB-1 gene expression by RNAi, a complementary 60-nucleotide oligonucleotide with 5′ single-stranded overhangs (#3, 5′-aatggcatcgcttcagatttg-3′) was designed and cloned into the pSilencer neo plasmid (Ambion, Austin, TX). In a typical experiment of WSB-1 knockdown by RNAi, HEK-293 cells grown to 60-70% confluence on a 60-mm plate were transfected with 2 µg iWSB-1 using LipofectAMINE Plus reagents (Invitrogen) and studied 48 h later. Both WSB-1 mRNA and protein levels were markedly reduced under these conditions, which is typical of a classic RNAi (Fig. 2a-c) . Unintentional effects on the expression of other genes was minimal as evidenced by stable WSB-2 mRNA levels (a structurally related WD-40 SOCS-box-containing protein 7 that does not affect D2) during iWSB-1. Titration of the iWSB-1 effect indicated that transfection with relatively low amounts of plasmid DNA (1-2 µg) was sufficient to achieve WSB-1 knockdown (Fig. 2a) . Using a second oligonucleotide sequence targeted to a different site in the WSB-1 mRNA, #13, 5′-tggcatcgcttcagatttg-3′, resulted in a similar WSB-1 knockdown efficiency, as evidenced by a sharp increase in D2 (see Supplementary Information, Fig. S4 ). As an additional control, cells were transfected with 2 µg of pSilencer neo plasmid encoding an oligonucleotide sequence targeted to the GFP mRNA (iGFP), provided by the manufacturer, with no effects on D2 expression (Fig. 2d) .
Infection of chicken tibia with IHH. RCAS-IHH
35 was injected in embryonic day 8 chicken right hind limbs. The infected and uninfected limbs were harvested on day 12 and the tibiotarsi were surgically removed. Each tibiotarsus was dissected into four parts as described below. The thin membrane around the condensation was removed first and this part is referred to as PC/PO. As inferred by the appearance and the site of blood vessel invasion, the tibia was divided into two parts. The region above the site of blood vessel invasion up to the suture is referred to as epiphysis. Epiphysis as defined here consists of the prehypertrophic chondrocytes, proliferating chondrocytes and periarticular perichondrium (which cannot be cleanly removed from the articular cartilage). The region below is referred to as hypertrophic chondrocytes. This tissue contains some ossified tissue as well. The dissections were conservative in order to avoid cross-contamination. The harvested tissues from each tibia were divided into two parts and put directly into liquid nitrogen. Later they were processed for real-time PCR and measurement of D2 activity.
Organ culture of day 12 chick tibiotarsus. Tibiotarsi isolated from day 12 chicken embryos were cultured essentially as described 6 . DMEM was supplemented with 0.1% BSA and 740 pM T4. In some experiments this medium was supplemented with 4 µg ml −1 Shh (R&D Systems, Minneapolis, MN), 5 µM cyclopamine or 20 nM rT3, as indicated. The tibiotarsi were harvested after 24-72 h, dissected and processed as described above.
Other analytical methods. Immunofluorescence confocal microscopy was performed as described previously. In situ hybridization studies were performed as described previously 30 using specific chicken WSB-1 probes kindly provided by D. Vasiliauskas, New York University. Subcellular fractionation and quantitative real-time PCR were performed as described previously 17 . BIND identifiers. Two BIND identifiers (www.bind.ca) are associated with this manuscript: 295988 and 295989.
Note: Supplementary Information is available on the Nature Cell Biology website.
